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We report low temperature acetone and ethanol sensing properties of Al-doped ZnO 
microrods synthesized using hydrothermal technique. W  observe the acetone detection at 
room temperature as well as ethanol and acetone detection at low temperature of 150°C 
using Al-doped ZnO microrods. 3wt% Al-doped ZnO microrods sensor exhibits the highest 
response of 231 toward 8100 parts per million (ppm) of ethanol at 150°C. The response & 
recovery time are found to be ultrafast of 60 ms & 870 ms for ethanol and 110 ms & 330 
ms for acetone of the Al-doped ZnO microrods at an operating temperature of 150°C, 
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respectively. In addition, sensing mechanism has explained to illuminate the improved 
sensing performances of Al-doped ZnO microrods. Thus it is revealed that Al-doped ZnO 
microrods are promising as an ultrafast gas sensor. 
 
Keywords: A. ZnO microrods; B. Al doping; C. Hydrothermal process; D. Gas sensor; E. 
Ethanol; F. Acetone. 
 
1. Introduction 
          Nowadays, the presence of volatile organic compounds (VOCs) including ethanol, 
acetone etc. has become concern, due to its toxicity, probability of digestive track cancer 
and high risk respiratory symptoms. The VOCs are also known as the main cause of sick 
house syndrome, which is a product of poor indoor air quality and could also be the source 
for asthma, cancer, emphysema [1]. Ethanol, methanol, cetone, isoprene etc., which are 
exhaled during respiration, causes various metabolic problems. Thus, the requirement of 
monitoring and detection of VOCs has become progressiv ly increased due to elevated 
atmospheric pollution. Acetone detection is considere  as one of the important clinical 
analysis; can diagnose diabetes or other glucose-related dysregulation [2]. Ethanol is very 
useful for beverages, scientific and industrial sectors. Highly exposure and consumption of 
alcoholic beverages increase the risk factor of cancer. So, there is a great demand to 
monitor ethanol and acetone gas at trace level for health and safety [3]. 
Metal oxide semiconductors (MOS) devices have been one of the most promising gas 
sensors of which a great attention was given to zinc oxide (ZnO) for the moderate 
performance towards gas sensing capability [4]. ZnO is the common material for gas 
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sensors owing to its facile preparation process, low-c st, high chemical and physical 
stability. In its 1-dimensional (1D) structure its small crystal size and high density of 
surface active sites, makes it suitable candidate for high performance and efficiency. The 
sensing mechanism of the sensors depends on the changes to the resistance of the metal 
oxide semiconductors in the presence of the gases. The faithful mechanisms for gas 
response are still dubious. Usually, n-type semiconducting metal oxides involves the 
adsorption reaction to the reducing gas molecules, by releasing/trapping of electrons and 
thus an increase /decrease in electrical conductivity [5]. The gas response explicitly 
depends upon depletion region, concentrations of charge carriers, defect states and doping. 
Appropriate doping provides electronic defects that increase the conductivity. Few efforts 
have been attempted to improve mainly sensitivity properties of ZnO nanostructures by 
doping of Sn, Mg, Mn, Bi, Al etc. into ZnO structures [6–10]. Among them, Al-doped ZnO 
nanostructures are promising candidate because of its conductivity and enhanced the 
sensing performance. For example, Navale et al. [11] reported selective NO sensing 
characteristics of Al-doped ZnO synthesized in the form of porous pellets sintered at 
350°C, and the sensor can detect small concentrations of NO at 100°C. Sahay et al. [12] 
studied the gas sensing properties of Al-doped ZnO thin films prepared by chemical spray 
pyrolysis technique. It was observed that Al-doped films show higher sensitivity to ethanol 
vapor compared to the undoped ZnO film. Li et al. [13] reported the synthesis of Al-doped 
ZnO nanotetrapods by thermal evaporation of the mixed powders of Zn and Al with the 
weight ratio of 5:1, and the ethanol sensing properties are effectively improved by Al 
doping. Badadhe t al. [14] developed Al-doped ZnO thin films on to the glass substrates 
and discussed the gas sensing to H2S gas.  
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Generally, ZnO nanostructures was synthesized by different growth techniques such 
as physical vapor deposition, metal–organic chemical vapor deposition (MOCVD), pulsed 
laser deposition, molecular beam epitaxy (MBE), electro-spinning, sputtering, wet chemical 
methods etc [15–18]. Among them, wet chemical methods are striking for several reasons 
due to its low cost, easy scaling up and growth occurs at a comparatively low temperature 
[19]. In addition, the development of a highly responsive and selective ZnO-based sensor is 
significant for the detection of VOCs at low temperatu e and low concentration also. One 
of the major challenge in the development of high performance gas sensors is that it can 
function at low temperature even at room temperature (RT) having low power 
consumption, sensor’s good stability and longer liftime. Furthermore, sensor at RT can be 
operated at many undesirable situations (flammable or explosive environment) [20,21]. 
   We report low cost and low temperature (~95°C) synthesis of aligned Al-doped 
ZnO microrods by hydrothermal technique and enhancement of gas sensing 
performance towards acetone and ethanol at RT as well as 150°C. In addition, it is 
aimed to augment the sensing parameters such as fast response time and high 
sensitivity gas sensor obtained by Al-doping in ZnO. 
2. Experimental details 
2.1  Synthesis of Al-doped ZnO microrods 
All chemical reagents were used in this experiment is of analytical grade. The 
Al-doped ZnO microrods were grown by hydrothermal technique and the details were 
described in our previous reports [22]. In brief, a clean glass substrate was coated with 4-
layer ZnO thin film by sol-gel technique. ZnO thin f lm was prepared using the solution of 
zinc acetate dehydrate [Zn(CH3COO)2·2H2O], diethanolamine [HN(CH2CH2OH)2] and 
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isopropyl alcohol [CH3CHOHCH3]. A dip coater was used for coating the glass substrate 
and after every coating the films was annealed at 120°C in hot oven for 1 h followed by 
annealed at 350°C for 1 h. This process was continued for successive 4 times. In the next 
step, a mixture of equimolar (50 mM) aqueous solutin of zinc acetate dehydrate 
[Zn(CH3COO)2·2H2O], hexamethylenetetramine [(CH2)6N4] and aluminium nitrate 
nonahydrate [Al(NO3)3·9H2O] were prepared after thoroughly mixing in di-ionized water 
(Milli Q, Resistivity >18.2 MΩ·cm) on a magnetic stirrer at room temperature. Finally, 
microrods were synthesized by dipping 4-coated ZnO thin films in the solution at 95°C for 
1 h. The substrate was removed from the solution, rnsed with ultrapure water and air dried 
for further characterizations. The Al3+ concentration was varied from 1–4wt% to evaluate 
the effect of Al doping in ZnO toward VOCs sensing performance with respect to undoped 
ZnO. 
2.2  Characterizations of Al-doped ZnO microrods 
The crystallinity and orientation of the samples were examined by X-ray 
diffractometer (XRD) (X' Pert PRO, PAN analytical) using a CuKα1 radiation (1.5406 Å). 
A range (30-70°) of scanning was performed for scanning angles 2θ. The surface 
morphology of Al-doped ZnO structures were investigated by using a field emission 
electron microscope (FESEM) (evo 60, Carl Zeiss) equipped with an energy-dispersive X-
ray (EDX) spectrophometer. Surface characterization was carried out using atomic force 
microscopy (AFM) (Nanosurf, C3000). Electronic properties and surface characteristics 
were investigated. X-ray photoelectron spectroscopy (XPS) (Kratos, XSAM 800) was 
carried out with non-monochromatic Mg (hν =1253.6 eV) radiation. All binding energies 
were calibrated by referencing to the C1s peak at 284.6 eV. The gas sensing measurements 
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were carried out using a lab made sensing set-up. The schematic structure of the sensing 
element is shown in Fig. 1(a). Two copper probes in lateral position on the top of surface 
were used to make the electrical contacts with the sensing elements. Fig. 1(b) shows the 
photograph of the sensor element with two cupper probes connection, which is placed on 
the heater equipped with proportional-integral-derivative temperature controller (DCS-
PWR-2K5-10AC-024, Dynamic Control System). The current of the sensor was recorded 
using a source-measure electrometer unit (6517A, Keithley Instruments). The transient 
current was measured at a 5 V bias and with a time interval of 1 ms in this experiment. For 
n-type semiconductor, the relative response () of the gas sensor is defined as Equation 1:  
								 =  ⁄                                                                              (1) 
where 	is the conductance measured in the presence of the VOCs (acetone and ethanol) 
being detected and  	is the conductance in air (i.e., in the absence of the VOCs being 
tested). A known amount of VOCs was injected into the gas chamber and subsequently, the 
increase in conductance was monitored till in the closed condition. Finally, one end of tube 
was opened and air was pumped to about 10-2 mbar to recover the initial value of 
conductance in air. The sensing measurements were carri d out at RT as well as at 150°C 
under different concentration (25 to 8100 ppm) of VOCs (acetone and ethanol) vapor. 
Acetone ((CH3)2CO, dv = 0.79 g/cm
3, Mw = 58.1 g/mol) 0.6–188 µL [about 25–8100 parts 
per million (ppm)] and ethanol (CH3CH2OH, dv = 0.79 g/cm
3, Mw = 46.07 g/mol) 0.5–150 
µL (about 25–8100 ppm) were used as a liquid and the liquid was injected into the gas 
chamber through a micro-syringe with a volume precision of <2.5%. The experiment was 
done in presence of a relative humidity of 26%. 
The concentration in ppm could be calculated according to Equation 2 [23] 
 7
								ppm =   22.4
#
$%& 10)                                               (2) 
where C(ppm) is concentration of VOCs in ppm, dv is the liquid mass density (g/cm
3), 
Vinjected is the injected volume in µL, Mw is the molar mass of the liquid (g/mol), Vchamber is 
the volume of chamber of 7 L. 
3. Results and Discussion  
3.1  Structural studies 
The phase composition and crystallinity of the as synthesized undoped and Al-
doped ZnO samples were investigated by XRD. XRD patterns of undoped ZnO (JCPDS 
Reference no. 80-0075) and Al-doped ZnO (1–4wt%) are shown in Fig. 2. All the peaks are 
indexed mainly to wurtzite hexagonal shaped ZnO [Joint Committee on Powder Diffraction 
Standards (JCPDS) Reference no. 80-0075]. XRD analysis reveals that all Al-doped 
materials have preferred (002) orientation, confirming c-axis growth. This is due to the 
lowest surface energy of the densely packed (002) planes of the wurtzite structure [24]. No 
other phases corresponding to aluminium or aluminium compound is detected in XRD 
patterns till 3wt% Al doping in ZnO. This may indicate that the precursors have fully been 
converted into ZnO phase, and Al doping does not alter the hexagonal structure of the ZnO 
lattice. For 4wt% of Al doping, Al2O3 phase separation has been occurred, as shown in Fig. 
2. This is because beyond a certain doping limit (3wt% Al for this report), the doping atoms 
may result in some kind of segregation in crystal. However, with increasing Al doping 
concentration, the diffraction angles do not change significantly and only the dominant 
(002) peak becomes sharper, indicating the well-establi hed c-axis orientation of Al-doped 
ZnO. Although, a marginal shift of the peaks ((100), (002) and (101)) of chemically 
prepared ZnO nanoparticles doped with Gd, Er and Li was reported by Li et al. [25]. 
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The preferred orientation of the crystals planes was obtained by measuring the 
diffraction peak intensities corresponding to the various planes of XRD. The texture 
coefficient (Tc) of corresponding to diffraction plane (hkl) is calculated in Equation 3 








T hklc                                                    (3) 
where, Io(hkl) is the observed intensity of X-ray diffraction, Istd(hkl) is the corresponding 
standard intensity from the JCPDS data (card No. 80-0075) and N is the number of 
reflections in the XRD pattern. The Tc values for the first three characteristics peaks (100), 
(002), (101) are calculated and presented in Table S1 (see supporting information). The 
texture co-efficient against (002) peak is 0.47 for undoped ZnO and 0.9 for 1wt% Al-doped 
ZnO microrods. The similar texture coefficient of 0.5 was also reported elsewhere for ZnO 
films [27]. All Al-doped ZnO nanorods exhibit enhanced intensities relating to (002) peak 
with respect to (100) and (101) peaks, which show a preferential orientation along c-axis. 
The high crystallinity, together with very good texture coefficient may enhance the result of 
gas sensing. 
The lattice parameter c of hexagonal wurtzite crystal structures of all the samples 
are calculated by using the following equation [28] 
*	+,- = .[	01 +
23,23+,
2  + -
2
52]                                           (4) 
For (002) peak Equation 4 becomes  
*	778 = 052                                                   (5) 
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The calculated values of c are listed in Table S1. There is hardly change of lattice 
parameter (c) with increase in Al concentration on ZnO. This is due to comparable ionic 
radius of Al3+ (0.53 Å) to the ionic radius of Zn2+ (0.60 Å). Mridha et al. [29] reported the 
similar results that the c-axis length does not change much with the various Al 
concentrations (0.5 – 5%) for ZnO: Al nanoparticles thin films deposited on glass substrate 
by the sol–gel spin coating technique. 
3.2  Morphological study and chemical analysis 
  Fig. 1(c) shows the typical SEM image of 3wt% Al-doped ZnO microrods. All the 
hexagonal microrods of diameter in the range of 400-9  nm are vertically oriented to the 
substrate surface. This oriented growth indicates that ZnO microrods are grown along c-
axis, which is also confirmed by XRD (Fig. 2). The lengths of grown microrods are 2–5 
µm. There is no significant change of structures of hexagonal microrods for different 
percentage of Al-doped ZnO. Furthermore, morphology f the Al-doped ZnO microrods 
was also examined by AFM, as shown in Fig. 3. It can be inferred from Fig. 3(a)-(d) that 
ZnO microrods are oriented with an average diameter of 800 nm. There is no separate 
phase of Al2O3 for 1-3wt% Al-doped ZnO samples (Fig. 3(a)-(c)). However, a large number 
of white particle-like structures of Al2O3 on the surface of ZnO microrods is prominent for 
4wt.% Al-doped ZnO sample (Fig. 3d). The separate phase of Al2O3 for 4wt% Al-doped 
ZnO microrods was also confirmed by XRD.  
   Elemental analysis of 3wt% Al-doped ZnO micrords was conducted by EDX, as 
shown in Fig. S1 (see, supporting information). The results confirm the existence of Zn, O, 
Al elements in the Al-doped ZnO micrords. No impurities were found in the sample. 
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       XPS studies were carried out to understand the electronic properties, surface and 
chemical composition of the elements of the samples. Fig. 4 shows the high-resolution XPS 
spectra of Zn 2p, O 1s, and Al 2p of undoped ZnO and 3wt% Al-doped ZnO samples. Zn 2p 
core level spectra present the typical doublet spliting of Zn 2p3/2 and Zn 2p1/2, as shown in 
Fig. 4(a). The intense peak at 1021 eV corresponds to Zn 2p3/2 and the other one at 1043.8 
eV corresponds to Zn 2p1/2, which are well matched with the standard values of ZnO [30]. 
However, changes are observable at the O 1s core level spectra. With doping the line width 
of the peak has increased. This may be due to increase in concentration of hydroxyl groups 
or due to increase in concentration of chemically absorbed oxygen species on the surface 
with Al doping. O 1s spectra show different states of oxygen existence in the samples. The 
component with the lowest binding energy, centered at 530.15 eV, is attributed to O2- ions 
on wurtzite structure of hexagonal Zn 2p array surro nded by the substitution of Al atoms 
(Fig. 4(b)). The other peak at 532.3 eV for Al doped ZnO sample (Red dotted curve) is 
attributed to chemisorbed oxygen ions (O2- or O-) on the surface of ZnO [31]. XPS analysis 
clearly indicates that the sample of 3wt% Al-doped ZnO contains more defects on the 
surface which will enhance the gas sensing property. The successful incorporation of Al 
elements in Zn2+ sites of ZnO is confirmed from the clear peak of Al 2p at the binding 
energy of 74.1 eV and it is in Al3+ state as shown in Fig. 4(c). In comparison, the int nsity 
is very tiny for Al 2p peak than that of Zn 2p3/2 peak because of the dilute aluminium 
concentration in the specimens. There is no peak observation of Al for undoped ZnO 
sample. 
3.3  Gas sensing performances 
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The sensing properties of the Al-doped ZnO microrods toward ethanol vapor 
detection at a low temperature of 150°C were initially investigated using different wt% of 
Al doping in ZnO. Fig. 5 shows the variations of response with different percentage of Al 
doping in ZnO towards 500 ppm ethanol at an operating temperature of 150°C. It should be 
noted that the response values were estimated usingthe Equation 1 for taking into account 
of the average values of three successive measurements. For all Al-doped ZnO microrods, 
the response increases with increase with Al doping a d 3wt% Al-doped ZnO microrods 
shows maximum response (Gg/Ga) of 15, which is about 7 times higher than that of 
undoped one. After that response of the senor drops to 3.8 for 4wt% Al doping in ZnO. A 
set of factors that control the enhancement of sensing performance, including surface facet, 
surface oxygen defects and the conductivity of the materials, are considered [32]. However, 
it is well established that the conductivities of Al-doped ZnO materials are higher than that 
of pure ZnO because of the Al3+ ions (as confirmed from XPS), which introduces extra 
electrons into the doped ZnO [33]. The decrease in resistance due to Al doping in ZnO 
sample may be occurred via the charge compensation mechanism: 
             Al2O3 + ZnO → ZnZn + 2AlZn + 3OOx + (1/2)O2(g) + 2e
−                                   (6) 
       Previous report [29] showed a maximum conductance occurs at intermediate Al 
doping (i.e 1wt%), after which the conductance decreases. Moreover, 3wt% Al-doped ZnO 
microrods show higher texture co-efficient of 0.24 along (101) crystal facet supported by 
Fig. 2 & Table S1. As, (101) crystal facet of ZnO is thermodynamically favorable for the 
absorption of ethanol, 3wt% Al-doped ZnO microrods show the highest response. 
Therefore, 3wt% Al doped ZnO microrods has used further to confirm the gas sensing 
performances. 
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       The typical dynamic response behavior toward ethanol of various concentrations at 
a temperature of 150°C for 3wt% Al-doped ZnO is investigated and shown in Fig. 6. The 
response is 7.3 for low concentration (25 ppm) of ethanol. Interestingly, the base 
conductance in air i.e, without ethanol vapor is 1.16×10-8 Ω-1 and increases to 9.6×10-8 Ω-1 
in presence of 25 ppm of ethanol vapor. Finally, it is reversed back to 9.4×10-9 Ω-1 when 
air is introduced again. Therefore, the developed Al- oped ZnO microrods based sensor is a 
purely reversible-type, which is one of the most basic requirement of a sensing element for 
its device adaptability, since switched forth and back of conduction between the test vapor 
(during response process) and air (during recovery process) [34]. Further, the response 
increases with increase in ethanol vapor concentrations. The highest response is found to be 
231 toward 8100 ppm of ethanol vapor. Table 1 shows the comparison of ethanol sensing 
properties of reported doped sensor and the developed gas sensor in this work. For 
example, Lee et al. prepared Ga (3wt%) doped ZnO nanowires using plasma laser 
deposition in a furnace and reported the response of 48% using 1ppm of ethanol vapor at an 
operating temperature of 300°C [35]. Yang et al. was synthesized Al (2wt%) doped ZnO 
microstructure and reported 3000 ppm ethanol detection to get 200 responses at a high 
operating temperature of 290°C [36]. Sayed et al. showed the response values of 85 and 
120 using nanoparticles of ZnO with 4wt% CeO2 and SnO2 with 2wt% CeO2 mixed 
samples where 100 ppm ethanol gas were used at 400°C for their study [37]. Above all 
these reports are ethanol sensing but shows comparatively in higher operating temperature. 
Therefore, the result of ethanol sensing in this work shows higher response at low operating 
temperature compared to other reported results. 
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       The comparison of response toward different concentrations (25–8100 ppm) of 
ethanol for 3wt% Al-doped ZnO microrod sensor has been studied with another VOC i.e 
acetone at the same operating temperature of 150°C. Fig. 7 shows the variation of the 
response with ethanol and acetone vapor concentrations (25–8100 ppm). At lower 
concentrations (inset of Fig. 7), there is a linear relationship between response and vapor 
concentration for the tested VOCs (ethanol and acetone), which is the conformity with the 
theory of semiconductor based sensors [38,39]. However, the saturation response occurs at 
higher concentration (above 600 ppm) due to the saturation of surface coverage. It is 
observed that the Al-doped ZnO microrods sensor clearly exhibits the highest response (Sg) 
of 231 at 150°C toward 8100 ppm of volatile ethanol vapor. This is the highest the response 
toward acetone, indicating the excellent selectivity of the Al-doped ZnO microrods sensor 
toward 8100 ppm volatile ethanol gas at 150°C. The result indicates that Al-doped ZnO 
microrods sensor would have great potential for detecting ethanol at high concentration but 
comparatively low temperature of 150°C for semiconductor sensor. 
       However, the ultimate goal in the sensor technology is to detect VOC at room 
temperature. To examine the potential of Al-doped ZnO microrods sensor operating at room 
temperature, the gas sensing properties of 3wt% Al-doped ZnO microrods using different 
concentration of acetone at RT have been investigated. Interestingly, it shows a moderate 
response toward acetone even at room temperature. There is a negligible response using 
ZnO based microrod sensor toward ethanol at room temperature. This phenomenon has 
explained later. To investigate the transient characte istics of 3wt% Al-doped ZnO 
microrods, the sensor is exposed to different acetone c ncentration at room temperature, as 
shown in Fig. 8. Even below 100 ppm, it was hard to measure the response behavior of the 
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materials at room temperature. However, the highest response of 10.3 is obtained for 1290 
ppm acetone. An appropriate amount of a metal has been shown to have higher catalytic 
activity and lead to the consumption of a large amount of oxygen adsorbates at lower 
temperature. As electron donors, acetone molecules ne d to be dissociated into more active 
atoms [40].  
 The reliability of the sensors is another important parameter along with high 
response and selectivity. The repeat sensing measurement was conducted after 6 months 
using the same 3wt% Al-doped ZnO microrod sample at room temperature in presence of 
different concentration of acetone vapor to confirm the reproducibility and long-term 
stability of the samples and it is depicted in Fig. 9. It has been noticed that the ZnO sensor 
exhibits excellent stability toward acetone with the response amplitude values 2.8 and 11.6 
for 100 ppm and 1290 ppm, respectively, toward acetone at room temperature.  
       The observed sensor parameters for acetone se sing at room temperature is 
compared to previously reported sensor materials, as hown in Table 2. It is observed that 
the our as-grown Al-doped ZnO microrods sensor is high sensitive to acetone at room 
temperature as compared to reported elsewhere. For example, Zhang et al. demonstrated 
room temperature acetone gas sensor based on SnO2–reduced grapheme oxide (RGO) 
hybrid composite film with the response [Sg(%) = (Ra – Rg)/Rg × 100] 2.19-9.72% at 10-
2000 ppm gas and the response-recovery time was 146 s – 141 s toward 2000 ppm of 
acetone [41]. Do et al. reported response of 1.19-4.03×10-7 for 2983-47925 ppm acetone at 
room temperature for PPy-PANI [42]. Behera and Chandr  presented a simple and cost-
effective MEMS sensor incorporating ZnO–CuO nanoflakes [43]. The fabricated sensor 
showed an optimal response (12.6) at 300°C with improved selectivity to acetone. On the 
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other hand, Yoo et al. prepared Al-doped (1wt%) ZnO nanoparticle, in which the response 
was 4347 at 350°C temperature using 10 ppm dimethylphosphonate [44]. Hence, it is clear 
that our developed 3wt% Al-doped ZnO microrod sensor is superior response to acetone at 
low temperature.   
       The response and recovery times are another important parameters of gas sensor, 
have been calculated from the typical response plots of Al-doped ZnO microrods gas 
sensor. The response time is defined as the time it takes for conductance/resistance of the 
gas sensor to increase to 90% of the conductance/resistance change when a specific amount 
vapor was introduced into the sensor test chamber. Th  recovery time is the time required 
for a 90% reduction in conductance/resistance change when the gas was turned off and air 
was re-introduced into the chamber.  
       The response and recovery time of the gas sen or towards acetone and ethanol 
vapor with different gas concentration at RT as well as at 150°C are shown in Fig.10. For 
100 ppm acetone at room temperature (Fig. 10(a)), the response and recovery time are 430 
ms and 960 ms, respectively, which is ultrafast detection time and useful in practical 
application as a sensor. It is noted that semiconductor based gas sensor generally showed 
the long response and recovery time in second (s) region. The response time (Fig. 10(b)) 
varies from 110 ms to 510 ms to reach 90% of its response in presence of acetone vapor 
and the recovery time (Fig. 10(c)) varies from 960 ms to 15.4 s due to 90% reduction of 
response when air was turned on of Al-doped ZnO microrods sensor at room temperature. 
At 150° C the response time varies between 110 ms to 2.11 s and the recovery time is 
between 330 ms to 34.9 s from 25 ppm to 6450 ppm acetone vapor. The response time is 
nearly same for both the RT and at 150°C while recov ry time has increased with the 
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concentration of acetone vapor. It clearly indicates that the response time is very fast in 
comparison to the recovery time. In the case of ethanol, the response times are increased 
from 60 ms to 700 ms with the increase in concentration. Similarly, the recovery times are 
also gradually increased from 870 ms to 11.13 s. 
       From Table 1 and Table 2, it is easily found that the very fast response time is 
observed in the present work. Using dimethylphosphonate the measured response time was 
2 s to few minutes for ZnO materials [44,45]. For Al-doped ZnO nanomaterials, response 
time and recovery time of 8 s and 10 s were calculated by Yang et al. [36]. Comparatively 
faster response and recovery time of 1 s and 5 s respectively was reported by Zhang et al. 
for Sn doped ZnO nanostructures, where gas sensing measurement was carried out in 
presence of ethanol gas and irradiation of light [46]. The response time and recovery time 
was obtained 12 s and 10 s respectively by Sayed et al. [37]. 
3.4  Gas sensing mechanism 
Initially, when ZnO microrods are placed in ambient condition, the O2 molecules 
adsorb on the ZnO microrod surface trapping the fre electrons and the formation of 
ionized (O2
-, O- or O2-) species [47,48].  The ionized oxygen (O2
-, O- or O2-) species 
extracts electrons at different temperature from the conduction band and an electron 
depletion region is formed, which increases the resistance of individual microrod [47,48]. 
This exchange will contribute to the decrease of the net carrier density in the microrods 
conductance channel. For a high-purity ZnO microrods, the charge carrier concentration 
decreases. Thus, the position of the Fermi level shifts away from the band gap throughout 
the entire microrods and electrons move independently [49]. On the other hand, for metal 
semiconductors, doping is a good approach to modulate the thickness of the depletion 
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region and get enhanced response from ZnO nanostructures [50]. Thus, it is possible to 
control sensitivity, selectivity, and response time of doped micro-structures. When ZnO is 
doped with Al, the dopants may act as singly charged donors and these supply the excess 
carriers to conduction band, which increases the conductivity. Dopant Al in ZnO amplifies 
the electrical conductivity due to the substitution of Zn2+ by Al3+, since there is large ionic 
difference between Al3+ ions (0.054 nm) compared to that of Zn2+ (0.074 nm) [12]. There 
are a number of donor defects in the ZnO crystal structure. The electron is produced by the 
defects of O or Zn in ZnO without Al, while after Al doping, an extra electron and an 
oxygen vacancy are generated. As a result, the amount of the current carrier is enhanced. 
When ZnO microrods are exposed to ambient condition, heir surfaces would be adsorbed 
by O2-/O- species having Eads = -0.35 eV/mol at low temperature below 200 °C. The 
adsorbed oxygen species captures electrons from condu tion band and hence the samples 
will be forced back to the semiconducting configuration. While, ethanol or acetone is 
introduced in the test chamber leading to increase in conductivity. This may be effected by 
two subsequent phenomena occurring at the microrods surface: (i) since ethanol and 
acetone has a higher adsorption energy (Eads = -0.96 eV/mol for ethanol and Eads = -0.8 
eV/mol for acetone) compared to adsorbed oxygen species (Eads = -0.35 eV/mol), it is able 
to remove oxygen from the surface, (ii) this is accompanied by freeing trapped electrons 
which are injected back to the conduction band (CB), leading to enhanced surface 
conductivity. Therefore, surface carrier charge density will closely be linked to the 
concentration of ethanol or acetone in the atmosphere and higher conductivities should be 
attained when O2 molecules are completely removed from the surface. The sensing 
mechanism is depicted in Fig. S2 (see, supporting information). Al-doped ZnO microrods 
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are adsorbed more ionized oxygen which exposed to the e hanol and acetone at 150°C. 
These additional adsorbed oxygen molecules on the surface of microrods will be reacted 
with ethanol or acetone molecules as the following reactions, presented Equations 9 and 
10, respectively. Ethanol and acetone is oxidized intocarbon dioxide and leave the sensor 
surface during recovery [51,52]. 
O2 (gas) ↔ O2 (adsorbed)                                                      (7) 
O2 (adsorbed) + e
- ↔ O2– /2O-                                         (8) 
C2H5OH+3O
2- →   2CO2 + 3H2O + 6e
-                                (9) 
C3H6O +4O
2- →   3CO2 + 3H2O + 8e
-                                     (10) 
      Al has observed to be an effective catalyst in detection of VOCs by enhancing the rate 
of chemical sensitization [53,54], which greatly affects the dissociation of oxygen 
molecules and increases the ionosorption of the dissoc ated oxygen species on the surface 
of the ZnO microrods. As an effect of this, the electron depletion region becomes wider. 
When the Al-doped ZnO microrods are exposed to VOCs, it causes the electrons trapped by 
the dissociated oxygen species and it is injected back into the conduction band of the metal 
oxide. As a consequence, the decrease of the electrical resistance and an enhanced sensor 
response can be occurred. Therefore, it is reasonable to accept the fact that with the 
catalytic metals, the gas sensing performance is enhanced at 150°C.  
       Furthermore, Al-doped ZnO shows a significant performance toward acetone 
sensing, while no sensing performance observed for ethanol at room temperature. 
Generally, the polarity of VOC and stoichiometry of the crystal faces a play role for high 
sensitivity performances at room temperature, since dissociation steps in the above 
mentioned mechanism (Equation 8) has to be occurred only at high temperature like 
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150°C [54]. Therefore, oxidation of the VOC molecules occurs at room temperature due to 
pre-absorbed oxygen specie O2-, which is less chemically active. Generally, the adsorption 
energy for acetone (-0.8 eV/mol) on the surface is smaller in magnitude than ethanol (-0.96 
eV/mol), but higher than oxygen (-0.35 eV/mol), a weaker binding energy for acetone on 
the surface [32]. This is due to the higher polarity of ethanol vapor compared to acetone. 
As, the polar hydroxyl group (O-H)EtOH of ethanol interacts with sensor surface via two 
binding modes (Al 2p-OEtOH) and (Olattice-HEtOH), while carbonyl group (C=O) of acetone 
directly interacts with the surface Al cations, which is favourable to the good sensing 
properties of acetone at room temperature. 
4. Conclusions  
A study on the hydrothermally grown Al-doped (1-4%) ZnO microrods have been carried 
out for detection of VOCs like ethanol and acetone. XRD study reveal that all the materials 
are possessing hexagonal wurtzite structure with a preferred (002) orientation. Al-doped 
films are highly sensitive to acetone and ethanol compared to the undoped ZnO microrods. 
Among all the Al-doped samples, the 3wt% Al-doped ZnO microrods exhibits the 
maximum response of 231 toward 8100 ppm of ethanol t an operating temperature of 
150°C. On the other hand, the response is found to be 2 for undoped ZnO film toward 500 
ppm concentration of ethanol at the temperature of 150°C. Furthermore, the 3wt% Al-
doped ZnO microrods sensor shows higher response toward acetone compared to ethanol in 
low concentration region of 200-500 ppm at 150°C. Al-doped ZnO microrods also show a 
moderate response values towards acetone even at room temperature. The response and 
recovery time are found to be very fast of 110 ms and 960 ms of 3wt% Al-doped ZnO 
microrods for the detection of acetone vapor at room temperature, respectively. The results 
 20 
indicate that Al-doped ZnO microrods sensor has a gre t potential for detecting ethanol and 
acetone vapor at low temperature. 
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Fig. 1. (a) Schematic of the gas sensor structure, (b) original view of the sensor with 
the connections of two cupper probes, (c) top view of FE-SEM image of ZnO 
microds arrays. 
Fig. 2. XRD patterns of undoped and Al-doped ZnO microrods along with standard 
JCPDS (card no.: 80-0075) of ZnO. 
Fig. 3. AFM images of (a) 1wt%, (b) 2wt%, (c) 3wt% and (d)4wt% Al-doped ZnO 
microrods. 
Fig. 4. XPS spectra of undoped and 3wt% Al-doped ZnO microrods. High 
resolution XPS spectra of (a) Zn 2p, (b) O 1s, and (c) Al 2p. 
Fig. 5. Response of different doping concentration of Al-doped ZnO microrods to 
500 ppm of ethanol at an operating temperature of 150°C. 
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Fig. 6. Dynamic sensing characteristics toward ethanol at 150°C for 3wt% Al-
doped ZnO microrods. Inset shows the typical respone and recovery time toward 
100 ppm ethanol sensing. 
Fig. 7. Comparison of response as a function of concentration of ethanol and 
acetone at an operating temperature of 150°C for 3wt% Al-doped ZnO microrods. 
Fig. 8. Dynamic sensing characteristics toward acetone vapor detecting at room 
temperature for 3wt% Al-doped ZnO microrods. 
Fig. 9. Reliability study towards acetone detection at room te perature of 3wt% Al-
doped ZnO microrods after 6 months. 
Fig. 10. (a) Response-recovery curves for the sensor to 100 ppm acetone at room 
temperature, (b) Response time and (c) Recovery time of 3wt% Al-doped ZnO 
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Table 1: Comparison between ethanol sensing properties of the different materials reports 
in pre-published and this work 
 
     *Response, Sg = Gg/Ga, 
§Sg (%) = (Rg – Ra)/Ra × 100, 
±Sg = Rvapor/Rair, 
¶Sg = Rair/Rgas  
Sample Concentration 
(ppm) 





25-8100 150°C 7.3  ̶ 231* 60 – 700 ms / 
870 ms – 11.13 s
This 
work 
Ga (3wt%) doped 
ZnO nanowire 
1 300°C 48% § - 35 
 
Al (2 wt%) doped 
ZnO microstructure 
3000 290°C 200± 8 s / 10 s 36 
 
nanoparticles ZnO 
with 4 wt% CeO2 and  
SnO2 with 2 wt%  
CeO2  
100 400°C 85¶ 
 
120 
12 s / 10 s 
 
20 s / 15 s 
37 
 
Sn (5at.%, 7 at.%, 9 
at.%) doped ZnO 











Table 2: Comparison of gas sensing parameters of some gas sensor toward acetone 
 
Sample Concentration  
(ppm)  





100 – 6450 RT 2.8–11.6* 110 – 510 ms /  









110 ms–2.11 s / 
330 ms–34.9 s 
This 
work 
SnO2-RGO 10 – 2000   RT 2.19 –
9.72%§ 
107–146 s /  
95–141 s 
41 
PPy-PANI 2983 – 47,925  RT Sensitivity
: 1.19 –
4.03×10-7 ± 












350°C 4347¶ 2s 44 
 
*Response, Sg = Gg/Ga, 
§Sg (%) = (Ra – Rg)/Rg × 100, 
±Sg = (Rg – Ra)/Ra, 







• Al-doped ZnO microrods were synthesized by low-temperature hydrothermal technique. 
• Room temperature acetone sensing is observed for Al-doped ZnO microrods. 
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